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ABSTRACT: Plasmonic nanoantennas, which support surface plasmon resonances enabling the
concentration of electromagnetic energy into subwavelength volumes, have emerged as versatile tools
for a wide range of applications. However, achieving high-resolution near-field imaging with polarization
and temporal sensitivity remains a significant challenge. In this work, we present a novel nonlinear
optical microscopy technique based on degenerate four-wave mixing to enable spectrum- and
polarization-resolved near-field imaging of plasmonic nanoantennas. By using a mid-infrared pump and
near-infrared probe, we capture detailed spatial distributions of plasmon-enhanced near-field intensity
and polarization characteristics, revealing distinct polarization patterns and frequency-dependent enhancements. Our method
enables the observation of resonance-induced spectral shifts and subwavelength spatial resolution, offering valuable insights into
plasmonic field behaviors, particularly in the mid-infrared range. This approach provides a powerful tool for exploring and
understanding the complexities of plasmonic nanostructures, with significant potential for advancing nano-optics applications.
KEYWORDS: plasmonic nanoantennas, near filed imaging, degenerate four-wave mixing, polarization-dependent signals,
spectral modulation

Plasmonic nanoantennas, typical made from metals such as
gold (Au) and silver (Ag), have emerged as versatile tools

in various research fields. These nanoantennas can support
surface plasmon resonances, enabling the concentration of
electromagnetic energy into subwavelength volumes, a
phenomenon known as near-field enhancement.1−3 This
localized amplification of electromagnetic fields around
plasmonic nanostructures has led to numerous applications
in both linear and nonlinear optics, including biological
sensing,4−6 lasing,7−10 light-matter interactions11,12 second-
and third-harmonic generation13−18 and high-order harmonic
generation.19−22 To fully exploit the capabilities of plasmonic
field enhancement, it is essential to probe the local near-fields,
not only in terms of their amplitude but also their polarization
and temporal characteristics.

Previously, scanning near-field optical microscopy (SNOM)
has been employed to obtain valuable near-field information
on plasmonic nanoantennas.23−27 However, SNOM presents
several limitations: fabricating sharp probing tips is technically
challenging, and the close proximity of the SNOM tip to the
sample surface can perturb local electromagnetic fields, leading
to data artifacts.28,29 In addition, energy-filtered electron
energy-loss microscopy has been used to image the local
near-fields of plasmonic structures.30−32 However, the
necessity for high-vacuum environments and thin samples
greatly limits its broader application. Furthermore, both
techniques encounter challenges in accurately capturing the
polarization and phase information on plasmonic near-fields.

Alternatively, nonlinear optical responses of enhanced
plasmonic near-fields with external probing pulses provide a
promising approach for near-field imaging.33−37 The polar-
ization sensitivity inherent in nonlinear wave-mixing processes,
along with spectral information, can offer comprehensive
vectorial information about plasmonic near-fields. However,
research in this area remains limited.

In this work, we demonstrate a novel imaging approach for
plasmonic near-fields based on nonlinear optical microscopy,
specifically focusing on degenerate four-wave mixing (DFWM)
from silicon.38 By employing a mid-infrared (MIR) pump and
a near-infrared (NIR) probe, we achieve high-resolution
polarization- and spectrum-resolved near-field imaging of Au
nanoantennas. The spatial distribution of the plasmon-
enhanced near-field intensity, as well as the in-plane polar-
ization characteristics, are mapped in detail, revealing distinct
polarization patterns. Our findings show frequency shifts in the
DFWM emissions around the nanoantennas, attributed to
frequency-dependent near-field enhancements. Furthermore,
this approach enables the observation of resonance-induced
spectral modulations and supports subwavelength spatial
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resolution, which is valuable for future plasmonic studies,
particularly in the mid-infrared range.

Figure 1a illustrates the basic principle of our experiment.
Plasmonic near-fields are resonantly excited by a MIR pump
laser in an array of Au nanoantennas with a wavelength of λMIR
≈ 15 μm ( fMIR= 23 THz). Simultaneously, the near-field
distribution is probed by a NIR probe laser with a wavelength
of λNIR ≈ 967 nm ( fNIR= 310 THz). The nanoantenna array is
fabricated on a silicon substrate using electron-beam
lithography and evaporation (see Methods section for details
of the sample preparation). In the experiment, the NIR probe
beam is focused by an objective lens to a diameter of ∼1 μm,
much smaller than the wavelength of the MIR pump laser. The
diameter of the MIR pump beam is ∼30 μm to ensure
homogeneous excitation of the near-field mode. Near-field
imaging is realized by transversely scanning the sample with
nanometer spatial resolution, while the spectra of the output
beams are recorded by a spectrometer.

In our experiment, the excited MIR near-field penetrating
into the silicon substrate is probed through the DFWM

process in silicon, which involves nonlinear wave-mixing
between the MIR local near-field (ENF) and the NIR probe
field (ENIR). The nonlinear polarization associated with
DFWM is described by

= · · ·P E E EDFWM 0
(3) NIR NF NF (1)

where ε0 is the vacuum permittivity, and χ(3) represents the
nonlinear susceptibility. The DFWM intensity (IDFWM) is
proportional to | |PDFWM

2while the frequency of the DFWM
emission ( f DFWM) is given by

= + ×f f f2DFWM NIR NF (2)

where f NF is the near-field frequency which corresponds to the
MIR pump frequency fMIR. A typical DFWM spectrum is
shown in Figure 1b.

Since DFWM involves nonlinear wave-mixing in a dielectric
material, the DFWM intensity (IDFWM) depends on the
polarization states in the x-y plane of the local near-fields
and the NIR probe fields. The nonlinear polarization in eq 1

Figure 1. Experimental setup. (a) Schematic of the experimental setup. M: Mirror, BS: Beam splitter, OPA: Optical parametric amplifier, λ/2: Half
waveplate, DM: Dichroic mirror, Obj. Lens: Objective lens, L: lens. (b) Spectrum of DFWM radiation. (c) DFWM intensity as a function of
polarization angle θ, measured on a 140 nm thick silicon film excited by two linearly polarized beams. The MIR polarization is fixed at 0°, indicated
by a blue double arrow, while θ represents the polarization angle of the NIR light.

Figure 2. Polarization-resolved near-field imaging. (a) Scanning electron micrograph of the Au nanoantenna array. (b) Simulated near-field
distribution around a single Au nanoantenna in the array. (c) Experimental (Expt.) imaging of the x-polarized (x-pol., left) and the y-polarized (y-
pol., right) near-field components. Dashed line indicates the trajectory in Figure 3 and 4 below. (d) Same as (c) for the simulated (Simu.) near-field
imaging. White boxes in (b−d) mark the outlines of the nanoantennas.
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can be further expanded by considering different polarization
components:
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and the total DFWM intensity is given by | + |I P Px yDFWM
2.

Consequently, by aligning the probe-field polarization to the x
or y axes, we can resolve different polarization components of
the near-fields. This method is characterized by measuring the
polarization-dependent IDFWM on a silicon thin film with a
thickness of 140 nm, which is excited by a homogeneous,
linearly polarized MIR field (Figure 1c). The DFWM intensity
reaches its maximum when the probe-field polarization aligns
with the MIR field (θ = 0°) and its minimum when it is
perpendicular to the MIR field (θ = 90°). The polarization
extinction ratio is larger than 10.

We first demonstrate polarization-resolved near-field imag-
ing of the plasmonic nanoantennas. In Figure 2a, we present
the scanning electron micrograph of the array of Au
nanoantennas. The length (w) of each antenna is 2.8 μm,
and the width (h) is 0.95 μm, with its thickness being 90 nm.
The period of the array is 7 μm. The nanoantenna array is
designed to be on resonance at the MIR-laser frequency.
According to the finite-difference time-domain (FDTD)
simulations, the excited plasmonic near-fields in the silicon
layer are localized and enhanced at the two ends of the Au
nanoantennas when the MIR pump laser is polarized along the
x axis (Figure 2b). In Figure 2c, we present the experimental
measurements of the distribution of the x- and y-polarized
near-fields, and the simulation results of the two polarization
components are shown in Figure 2d. Our results indicate that
the x-polarized near-fields dominantly distribute at the two
ends of each nanoantenna, while the y-polarized fields are more
localized at the four corners of the rectangular antenna. The
distinct electric field patterns under different polarizations arise
from the anisotropic geometry of the structure and the
interaction between the incident field and the resonant
plasmonic modes supported by the nanoantennas. Our
simulation results are in excellent agreement with the

experimental results, by taking the convolution of spatial
resolution into account (see Supporting Information (SI)). In
our experiment, the overall transverse resolution is about 1.35
μm, which is determined by the focal spot size of the NIR
probe beam (∼1 μm), the step size of the x-y displacement
stage (0.3 μm), and the optical scattering properties of the
samples.

The spectrum-resolving capability of our method further
allows us to investigate the spectral response of plasmonic
nanoantennas. In Figure 3a, we present the variation in the
DFWM spectrum along the y-direction trajectory (the blue
dashed line in Figure 2c). The DFWM intensity peaks at y = 0,
indicating near-field enhancement near the Au nanoantenna.
Along with the intensity modulation, Figure 3b exhibits a
central-frequency shift in the DFWM spectrum along the same
trajectory, where spectral redshifts are observed in the same
enhancement region. In Figure 3c,d, we present the FDTD
simulation results for the intensity and frequency variations,
respectively. In the simulation, a MIR-pump beam with a
central frequency of fMIR = 22.5 THz is incident on the
nanoantennas, with its polarization aligned along the x
direction, and a reflectance peak is observed around fMIR.
The DFWM spectrum is further simulated using eq 2,
incorporating the near-field distribution around the nano-
antennas. The simulation results can well capture the observed
intensity modulation and frequency redshifts (Figure 3c,d).

The spectral redshifts can be explained by the frequency-
dependent enhancement of the near-fields. Figure 3e presents
the resonant spectral response of the Au nanoantenna array,
which peaks around 22.5 THz. The central frequency of the
MIR pulse is approximately 23 THz, slightly offset from the
peak and positioned at the higher-frequency edge of the
resonant curve (Figure 3e). Consequently, the nanoantenna
array enhances the lower-frequency portion of the incident
MIR pulse, leading to the observed redshifts in the DFWM
spectrum. In Figure 3f, we extract the central frequencies of the
experimental and simulation results, and excellent agreement
can be realized.

The ability to resolve the near-field spectral response of
nanoplasmonics opens up new possibility of assessing the local
temporal waveforms of plasmonic fields. The spectral
information is directly extracted from the experimental results,

Figure 3. Spectrum-resolved near-field imaging. (a) Experimental DFWM intensity as a function of y along the trajectory shown in Figure 2c.
Dashed lines indicate the positions where the frequency redshift occurs. (b) Experimental DFWM intensity normalized at each y value for the data
shown in (a). (c) and (d) Same as (a) and (b), but for the simulated variation of the DFWM spectrum. (e) Simulated reflectance of the Au
nanoantenna array (orange) and experimental amplitude of the pump MIR laser (blue). (f) DFWM center frequency as a function of y, obtained
from the experimental and simulation results.
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while we resort to simulations for the phase information. In
Figure 4a, we present the simulated near-field waveforms along

the y-line across a unit cell of the Au nanoantenna array (see
Figure 2c). In addition to near-field enhancement, phase shifts
in the near-field waveforms can be observed. Figure 4b shows
the extracted waveforms at three positions: on-resonance at y =
0, off-resonance at y = 2.5 μm, and on a silicon thin film. The
enhanced near-field away from the Au nanoantennas exhibits a
similar temporal profile compared to the near-field on the
silicon film. The near-field located at the nanoantenna
resonance is about 10 fs delayed compared to the field away
from Au nanoantennas and the Si film, which can be
understood from the near-filed phase modulations in the
frequency domain (see SI Section 7). The near-field phase can
be experimentally measured through quantum-path interfer-
ence between neighboring harmonic orders,39−41 enabling
future reconstruction of plasmonic near-field waveforms.

In conclusion, our study presents a powerful method for
investigating the near-field characteristics of plasmonic nano-
antennas using nonlinear optical microscopy. The experimental
setup allows detailed mapping of the near-field intensity and
polarization distributions, uncovering frequency-dependent
behaviors and resonance-induced spectral shifts. The sub-
wavelength resolution achieved with this technique offers
valuable insights into plasmonic field enhancements and
demonstrates potential for advanced applications in mid-
infrared nano-optics. This approach contributes a robust tool
for plasmonic research, providing a new pathway for near-field
imaging in complex nanostructures.

■ METHODS
Sample Fabrication. The Au nanoantennas were

fabricated on a 500 μm-thick optical glass substrate. A 140
nm-thick silicon film was first deposited on the substrate by
magnetron sputtering. A 300 nm-thick layer of CSAR 62
positive electron beam resist was then spin-coated, followed by
an additional layer of conductive polymer (AR-PC 5092.02).
The nanoantenna patterns were prefabricated onto the
photoresist layer using electron beam lithography (EBL)
(ZEISS Sigma 300), which served as a mask for the subsequent
processes. A 1 nm-thick Cr adhesive layer and a 90 nm-thick
Au layer were then deposited onto the EBL-patterned
photoresist using electron beam evaporation. The final Au
nanoantennas were obtained through a standard lift-off
process.

Numerical Simulations. The numerical simulations were
performed with the commercial software Lumerical FDTD
Solutions. Bloch boundary conditions were applied in the x
and y directions, while perfect matching layers (PML) was
applied in the z direction. The plane-wave type was set as
BFAST. A plane-wave pulse source being x-polarized (parallel
to the long side of Au nanoantennas) was set normally incident
onto the structure from the air side.

For the reflectance simulation in Figure 3e and the
frequency-dependent electric field intensity simulation in
Figure S2, the source was defined in the frequency domain,
with the wavelength range set from 6 to 20 μm. For the
simulation results shown in Figures 2b,d and 3c,d and Figure
S1, the source was set in the time domain to match the
experimental pump pulse conditions. In these cases, the center
frequency was set to 23 THz and the pulse duration was 200 fs.
To capture both the time-dependent features of the pump
excitation and frequency-dependent modulations, frequency-
domain power monitors and time monitors were used in the
simulations.
Experimental Setup. The experimental setup was based

on an Yb: KGW laser system, delivering laser pulses of 170 fs
duration with a central wavelength of 1030 nm and a repetition
rate of 5 kHz. As shown in Figure 1a, the laser is first split into
two parts by a beam splitter (BS): input 1 and input 2. Input 1
enters an optical parametric amplifier (OPA) system, where
two light pulses can be generated: One is the NIR light (NIR1,
about 310 THz) used to excite the DFWM emission (red light
beam in Figure 1a), and the other is tunable NIR light (NIR2)
(orange light beam in Figure 1a). For the measurement, the
center frequency of NIR2 was set to about 268 THz.

The input 2 and NIR2 were combined by a dichroic mirror
(DM1), and difference frequency generation (DFG) in a GaSe
crystal produces the MIR light used for the measurements. A
second dichroic mirror (DM2) was applied to combine the
NIR1 and MIR light. The two light pulses are colinearly
focused onto the sample using an objective lens. The diameter
of the focused NIR1 spot is approximately 1 μm, while the
focused MIR spot has a diameter of about 30 μm. Since the
focused NIR1 spot is smaller than the wavelength of the MIR
light, subwavelength resolution in the MIR range is achieved.
The DFWM emissions are collected by a spectrometer,
allowing for the measurement of spectral dependencies.

The sample is mounted on an XYZ displacement stage,
enabling two-dimensional imaging by adjusting the relative
position between the sample and the focused excitation beams.
Additionally, a half-wave plate (λ/2) is used to adjust the
polarization of NIR2. Using this DFWM-sweep imaging
system, both spatial and spectral distributions can be
measured.
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Figure 4. Temporal traces of near-fields around the Au nanoantenna.
(a) Simulated temporal traces of the near-fields around the Au
nanoantenna along the trajectory shown in Figure 2c. (b) Extracted
temporal traces at the center of near-field resonance (y = 0), in the
off-resonance area (y = 2.5 μm), and on a silicon thin film. A time
shift of ∼10 fs is labeled between the on-resonance and off-resonance
traces.
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